Abstract. The lung is the most common extra-abdominal site of metastasis in colorectal cancer (CRC), in which circular RNA (circRNA) may have a crucial role. Therefore, the present study detected circRNA expression to identify novel targets to further study lung metastasis in CRC. In the present study, total RNA was extracted from CRC tissues of patients with and without lung metastasis to perform highthroughput microarray assay in order to detect differentially expressed circRNA. Following this, gene ontology (GO) and pathway analyses of the genes producing differentially expressed circRNA were performed to predict the function of circRNA using standard enrichment computational methods. Additionally, the circRNA/microRNA (miRNA) interactions were constructed with bioinformatics methods to predict the binding of miRNA with circRNA. In the CRC tissues from patients with lung metastasis, 431 circRNA were detected to be differentially expressed, including 192 upregulated and 239 downregulated over 2-fold compared with the CRC tissues without metastasis. Furthermore, GO analysis revealed that the genes producing upregulated circRNA were involved in DNA repair, while the genes producing downregulated circRNA were enriched in signal transduction. By pathway analysis, it was identified that the genes producing downregulated circRNA were involved in the nuclear factor-κB and Wnt signaling pathway in the CRC tissues from patients with lung metastasis compared with the CRC tissues without metastasis. In addition, it was demonstrated that hsa_circRNA_105055, hsa_circRNA_086376 and hsa_circRNA_102761 could commonly bind with miR-7 regulating target genes PRKCB, EPHA3, BRCA1 and ABCC1. The findings of the present study may provide a novel perspective on circRNA and lay a foundation for future research of potential roles of circRNA in CRC with lung metastasis.
Introduction
Colorectal cancer (CRC), as the third most common cancer affecting the gastrointestinal tract, is a common type of cancer worldwide and is associated with a high mortality rate (1) (2) (3) . The majority of cases of mortality from CRC occur in patients with metastases from the primary cancer (4) . In patients with CRC, ~10% have lung metastasis (5, 6) ; the lungs are the second most common site of metastasis in CRC, following the liver (7) . Currently, the diagnosis of CRC in patients with pulmonary metastases depends on radiology and biopsy (8) . However, radiology-guided biopsy has its limitation of sensitivity (9) . Therefore, to improve the survival of patients with CRC, it is necessary to explore novel biomarkers and the molecular mechanism of metastatic progression in CRC that may be useful for earlier diagnosis and treatment of patients with lung metastases.
It has been reported that non-coding RNA, including transfer RNA (tRNA), microRNA (miRNA), long non-coding RNA and circular RNA (circRNA), are involved in biological and pathological processes (10) (11) (12) . In contrast to tRNA, miRNA and long non-coding RNA, circRNA are less well characterized. circRNA were first identified in RNA viruses as early as the 1970s (13) ; however, the majority of these were misconstrued as 'splicing rubbish' (14) . Since a study that firstly ascribed an actual function to one of these circRNA molecules (15) , the potential of circRNA has elevated the scientific community's awareness of these molecules (16) . With the development of RNA deep sequencing technology and bioinformatics, study has revealed that large numbers of circRNA are endogenous, abundant, conserved and stable in mammalian cells (15, (17) (18) (19) (20) (21) (22) , and regulate gene expression at the transcriptional or post-transcriptional level by interacting with miRNA or other molecules (23) . Given that circRNA interact with miRNA to regulate their target genes, circRNA , KUNHUA WANG [1] [2] [3] and HUAYOU LUO may be involved in diseases correlated with miRNA (24) . Recently, circRNA have been reported to mediate cancer progression (12) , and the global abundance of circRNA was demonstrated to be lower in CRC than in normal tissue (25) . However, to date, little is known about the genome-wide expression and function analysis of circRNA in CRC tissues of patients with lung metastasis. Therefore, the present study examined differentially expressed circRNA in tissues from patients with CRC with and without lung metastasis so as to identify novel diagnostic and prognostic markers in patients with CRC with lung metastasis.
Materials and methods
Study approval. All samples were collected from patients between January, 2013 and December, 2015 in the Department of Gastrointestinal and Hernia Surgery, the First Affiliated Hospital of Kunming Medical University (Kunming, China). The project was reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Kunming Medical University. All patients included in the present study provided written informed consent prior to surgery.
Samples. Primary CRC samples were obtained from 3 male patients (age, 66.33±7.37 years) with CRC and lung metastasis (Exp A) and 3 male patients (age, 64.67±11.93 years) with CRC without metastasis (Ctrl A), respectively. All patients were histologically confirmed to have CRC based on colonoscopy (26) and did not receive any other forms of therapy at the time of enrollment. At the time of surgery, all tissue samples were immediately frozen in liquid nitrogen and stored at -80˚C for further use.
RNA extraction and quality control. According to the manufacturer's protocol, total RNA was extracted from each sample using a homogenizer and TRIzol regent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Subsequently, the quantification and quality of purified RNA were assessed using a NanoDrop ND-1000 (NanoDrop Technologies; Thermo Fisher Scientific, Inc.). The integrity of RNA was assessed by electrophoresis on a denaturing 1.5% agarose gel.
Microarray analysis. Sample labeling and human circRNA array hybridization were performed according to the manufacturer's protocol (Arraystar, Inc., Rockville, MD, USA). Briefly, total RNA were digested with RNase R (Epicentre; Illumina, Inc., San Diego, CA, USA) to remove linear RNA and enrich circRNA. Subsequently, the enriched circRNA were amplified and transcribed into fluorescent cRNA utilizing a random priming method (Arraystar Super RNA Labeling kit; Arraystar, Inc.). The labeled cRNA were purified using an RNeasy mini kit (Qiagen GmbH, Hilden, Germany). The concentration and specific activity of the labeled cRNA (pmol Cy3/µg cRNA) were measured using a NanoDrop ND-1000. A total of 1 µg of each labeled cRNA was fragmented by adding 5 µl 10X blocking agent and 1 µl 25X fragmentation buffer (Arraystar Super RNA Labeling kit; Arraystar, Inc.). Subsequently, the mixture was heated at 60˚C for 30 min, and finally 25 µl 2X hybridization buffer was added to dilute the labeled cRNA. Following this, 50 µl hybridization solution was dispensed into the gasket slide and assembled to the circRNA expression microarray slide. The slides were incubated for 17 h at 65˚C in an Agilent Hybridization Oven (Agilent Technologies, Inc., Santa Clara, CA, USA). The hybridized arrays were washed using Agilent wash buffer 1 and wash buffer 2, fixed and scanned using the Agilent Scanner G2505C (both from Agilent Technologies, Inc.).
Data analysis. Scanned images were imported into Agilent Feature Extraction software (version 11.0.1.1; Agilent Technologies, Inc.) for raw data extraction. When comparing two groups of profile differences (such as CRC with lung metastasis vs. without lung metastasis), the fold change (i.e. the ratio of the group averages) between the groups for each circRNA is computed. The statistical significance of the difference may be conveniently estimated by a t-test. circRNA with fold changes ≥2 and P-values of <0.05 were selected as being significantly differentially expressed.
Gene ontology (GO) analysis. GO analysis (geneontology.org) may be used to construct meaningful annotation of gene products in a wide variety of organisms. GO contains three domains, including biological process (BP), cellular components (CC) and molecular function (MF). The -log 10 (P-value) indicates the enrichment score representing the significance of GO term enrichment among genes producing differentially expressed circRNA. Fold enrichment represents the proportion of the changes in genes as proportions in the GO database in this function (such as, the greater the proportion, the more reliability, which is seen as the more significant changes in BP, CC or MF).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis. KEGG (genome.jp/kegg/) was utilized to harvest pathway clusters covering our knowledge of the molecular interaction and reaction networks in genes producing differentially expressed circRNA.
Annotation for circRNA/miRNA interactions. In the present study, circRNA/miRNA interactions were predicted with Arraystar's home-made miRNA target prediction software (Arraystar, Inc.) based on TargetScan (targetscan.org/vert_71/) and miRanda (microrna.org/microrna/home.do). The differentially expressed circRNA within all the comparisons were annotated in detail with the circRNA/miRNA interaction information.
Results
Overview of differentially expressed circRNA in the tissues of patients with CRC and lung metastasis. High-throughput microarray is an efficient approach for studying the biological function of RNA. As demonstrated in Fig. 1A , a total of 431 circRNA were detected to be differentially expressed with fold change ≥2.0, P<0.05 and false discovery rate <0.05 in the Exp A group compared with the Ctrl A group. Among them, 192 and 239 circRNA were upregulated and downregulated, respectively. Among the dysregulated circRNA, in the light of their relation with their coding genes, the circRNA were classified into five categories: 331 were exonic, 45 were intronic, 32 were sense overlapping, eight were intergenic and 15 were antisense (Fig. 1B) . According to the log fold change, the top 10 upregulated and downregulated circRNA were selected (Fig. 1C ).
BP analysis of the genes producing upregulated circRNA.
According to the number of linear counterparts of differentially overexpressed circRNA involved in BPs, the top 10 BPs were classified ( Fig. 2A) . Among them, 21 linear counterparts of differentially overexpressed circRNA were involved in transcription, DNA-templated, 15 were involved in regulation of transcription, DNA-templated, 15 were involved in small molecule metabolic process, 14 were involved in viral process, 11 were involved in the regulation of transcription from RNA polymerase II promoter, 10 were involved in signal transduction, 9 were involved in cellular protein metabolic process, 9 were involved in gene expression, 9 were involved in positive regulation of transcription from RNA polymerase II promoter and 8 were involved in DNA repair. According to the enrichment score, the top 10 BPs were selected (Fig. 2B ). These included regulation of transcription from RNA polymerase II promoter, viral process, protein refolding, protein desumoylation, chromatin assembly or disassembly, response to ethanol, regulation of actin filament polymerization, regulation of smooth muscle cell proliferation, positive regulation of mitochondrial depolarization and double-strand break repair. Additionally, according to the fold enrichment, the top 10 BPs were selected (Fig. 2C ). These included protein desumoylation, chromatin assembly or disassembly, regulation of actin filament polymerization, regulation of smooth muscle cell proliferation, positive regulation of mitochondrial depolarization, cardiovascular system development, cellular response to indole-3-methanol, sarcoplasmic reticulum calcium ion transport, valine metabolic process and histoneserine phosphorylation.
BP analysis of the genes producing downregulated circRNA.
According to the number of linear counterparts of downregulated circRNA involved in BPs, the top 10 BPs were classified (Fig. 3A) . Among them, 25 linear counterparts of differentially downregulated circRNA were involved in transcription, DNA-templated, 24 were involved in small molecule metabolic process, 15 were involved in regulation of transcription, DNA-templated, 14 were involved in gene expression, 13 were involved in negative regulation of transcription from RNA polymerase II promoter, 13 were involved in positive regulation of transcription from RNA polymerase II promoter, 12 were involved in viral process, 12 were involved in signal transduction, 11 were involved in protein transport and 11 were involved in small GTPase-mediated signal transduction. According to the enrichment score, the top 10 BPs were selected (Fig. 3B) . These included cellular response to cholesterol, regulation of cell motility, protein transport, response to purine-containing compound, cardiac muscle cell differentiation, neural tube closure, positive regulation of cytoplasmic mRNA processing body assembly, apoptotic process involved in patterning of blood vessels, mammary gland duct morphogenesis and positive regulation of B cell receptor signaling pathway. Furthermore, according to the fold enrichment, the top 13 BPs were selected (Fig. 3C) . These included response to purine-containing compound, positive regulation of cytoplasmic mRNA processing body assembly, apoptotic process involved in patterning of blood vessels, mammary gland duct morphogenesis, positive regulation of B cell receptor signaling pathway, B cell apoptotic process, cellular response to cholesterol, regulation of cell motility, activated T cell proliferation, mitotic nuclear envelope reassembly, positive regulation of receptor recycling, cellular response to nutrient levels and positive regulation of osteoblast proliferation.
CC analysis of the genes producing upregulated circRNA.
According to the number of linear counterparts of differentially overexpressed circRNA identified in CC, the top 10 CC categories were classified (Fig. 4A) . Among them, 51 linear counterparts of differentially overexpressed circRNA were involved in the cytoplasm, 50 were involved in the nucleus, 37 were involved in the cytosol, 35 were involved in the nucleoplasm, 31 were involved in plasma membrane, 30 were involved in the membrane, 24 were involved in the extracellular exosome, 23 were involved in the integral component of the membrane, 15 were involved in the mitochondrion and 14 were involved in the nucleolus. According to enrichment score, the top 10 CCs were selected (Fig. 4B) . These included cytoplasmic membrane-bounded vesicle, membrane, cyclindependent protein kinase activating kinase holoenzyme complex, cell, pericentric heterochromatin, midbody, endosome lumen, chromosome (telomeric region), nucleoplasm and lysosomal membrane. Furthermore, according to the fold enrichment, the top 13 CCs were selected (Fig. 4C) . These included cyclin-dependent protein kinase activating kinase holoenzyme complex, pericentric heterochromatin, GATOR2 complex, U2-type prespliceosome, transferase complex, Sec61 translocon complex, endosome lumen, pyruvate dehydrogenase complex, telomerase holoenzyme complex, synaptic cleft, nonhomologous end joining complex, elongator holoenzyme complex and lipopolysaccharide receptor complex.
CC analysis of the genes producing downregulated circRNA.
According to the number of linear counterparts of differentially downregulated circRNA identified in CCs, the top 10 CCs were classified (Fig. 5A) . Among them, 78 linear counterparts of differentially downregulated circRNA were involved in the cytoplasm, 69 were involved in the nucleus, 56 were involved in the cytosol, 43 were involved in the nucleoplasm, 41 were involved in the plasma membrane, 37 were involved in the extracellular exosome, 33 were involved in the membrane, 31 were involved in the integral component of the membrane, 26 were involved in mitochondrion and 19 were involved in the nucleolus. According to the enrichment score, the top 10 CC categories were selected (Fig. 5B) . These included focal adhesion, cytosol, cytoplasm, mitochondrion, cell-cell adherens junction, nucleolus, extracellular vesicle, nuclear euchromatin, stress fiber and dendritic spine head. Additionally, according to the fold enrichment, the top 10 CC categories were selected (Fig. 5C ). These included dendritic spine head, dynactin complex, spindle pole centrosome, Fuse Toes complex, U2-type prespliceosome, cerebellar mossy fiber, nonhomologous end joining complex, telomerase holoenzyme complex, intracellular organelle and euchromatin.
MF analysis of the genes producing upregulated circRNA.
According to the number of linear counterparts of differentially overexpressed circRNA identified in MF, the top 10 MFs were classified (Fig. 6A) . Among them, 90 linear counterparts of differentially overexpressed circRNA were involved in protein binding, 23 were involved in ATP binding, 21 were involved in zinc ion binding, 19 were involved in poly(A) RNA binding, 19 were involved in DNA binding, 17 were involved in metal ion binding, 13 were involved in transcription factor activity, sequence-specific DNA binding, 8 
MF analysis of the genes producing downregulated circRNA.
According to the number of linear counterparts of differentially downregulated circRNA identified in MF, the top 10 MFs were classified (Fig. 7A) . Among them, 120 linear counterparts of differentially downregulated circRNA were involved in protein binding, 29 were involved in poly(A) RNA binding, 27 were involved in ATP binding, 23 were involved in metal ion binding, 18 were involved in DNA binding, 16 were involved in zinc ion binding, 11 were involved in identical protein binding, 10 were involved in transcription factor activity, sequence-specific DNA binding, 9 were involved in ubiquitinprotein transferase activity and 9 were involved in protein homodimerization activity. According to the enrichment score, the following top 10 MF categories were selected (Fig. 7B) : Poly(A) RNA binding, protein binding, ligand-dependent nuclear receptor transcription coactivator activity, transcription regulatory region DNA binding, translation elongation factor activity, protein complex binding, ubiquitin-protein transferase activity, transferase activity, carboxy-lyase activity and type 1 angiotensin receptor binding. According to the fold enrichment, the following top 10 MFs were selected (Fig. 7C ): Carboxy-lyase activity, type 1 angiotensin receptor binding, 5'-deoxyribose-5-phosphate lyase activity, biotin carboxylase activity, protein methyltransferase activity, mitogen-activated protein kinase p38 binding, death effector domain binding, protein-arginine N-methyltransferase activity, sodium channel inhibitor activity and neuroligin family protein binding.
Pathway analysis of the genes producing differentially expressed circRNA. In order to understand the pathways that differentially expressed circRNA involved in lung metastasis in CRC, KEGG pathway analysis was performed to analyze the genes producing differentially expressed circRNA. According to the enrichment score, the top 10 pathways in which the genes producing upregulated circRNA were involved in are demonstrated in Fig. 8A . While, based on the enrichment score, the top 10 pathways in which the genes producing downregulated circRNA were involved are demonstrated in Fig. 8B .
Candidate circRNA as potential miRNA sponges. To investigate the circRNA/microRNA interactions, the binding sites of circRNA were predicted. As demonstrated in Table I , it was identified that hsa_circRNA_105055 (upregulated), hsa_circRNA_086376 (downregulated) and hsa_circRNA_102761 (downregulated) could bind with miR-7 regulating target genes PRKCB, EPHA3, BRCA1 and ABCC1. Additionally, hsa_circRNA_102348 and hsa_circRNA_102562 could bind with miR-410 regulating target genes PDHX, ATM and ABCC1. 
Discussion
CRC is one of the most frequent malignant tumors in developed countries (27, 28) . Of the patients with CRC, ~50% eventually develop distant metastases, such as pulmonary metastasis, resulting in poor outcomes even when these patients have resectable primary tumors (29) . Therefore, it is important to investigate the molecular mechanism involved in CRC with pulmonary metastasis. In the present study, it was identified that abnormal circRNA were expressed in CRC tissues from patients with pulmonary metastasis compared with CRC tissues without pulmonary metastasis. GO, KEGG pathway and circRNA/miRNA interaction analyses were conducted to determine the potential function and regulatory mechanisms of circRNA in CRC tissues from patients with pulmonary metastasis. First, through high-throughput microarray, it was identified that 431 circRNA were differentially expressed in CRC tissues from patients with pulmonary metastasis compared with CRC tissues without pulmonary metastasis. Among them, 192 and 239 circRNA were upregulated and downregulated, respectively. Among the abnormally expressed circRNA, in the light of their relation with their coding genes, the circRNA were classified into five categories: 331 were exonic, 45 were intronic, 32 were sense overlapping, 8 were intergenic and 15 were antisense. Previous study indicated that 39 circRNA were significantly differentially expressed between normal colon mucosa and CRC samples, 11 of them were upregulated in cancer and 28 were downregulated (25) . Circ_001569 has been demonstrated to be upregulated, while Cir-ITCH has been indicated to be typically downregulated in CRC in comparison with peritumoral tissue (30, 31) . The expression of circRNA were altered in primary and metastatic sites of epithelial ovarian cancer (32) . Furthermore, study has indicated that 469 circRNA were markedly differentially expressed between bladder carcinoma and normal tissues with a fold change ≥2.0 and P<0.05, among which 285 circRNA were upregulated and 184 were downregulated (33) . To the best of our knowledge, the present study is the first to report the differentially expressed circRNA in CRC tissues from patients with pulmonary metastasis.
Then, GO analysis of the genes producing differentially expressed circRNA was performed to investigate the potential enriched GO of differentially expressed circRNA. It was demonstrated that the genes producing upregulated circRNA were involved in DNA repair. It has been reported that DNA repair commonly appeared in CRC (34) (35) (36) , and the carriers of allele A in DNA repair genes XRCC1 were connected with a higher risk of disseminated CRC (37) . The present study also revealed that the genes producing downregulated circRNA were enriched in signal transduction. Previous study has indicated that various signal transduction pathways were important in genetic programming and growth control of metastatic CRC and CRC (38) (39) (40) (41) . Therefore, these studies combined with the present study demonstrated that metastatic CRC may result from the interaction effects of multiple circRNA involved in regulation of multi-systems.
Additionally, KEGG pathway analysis was performed to analyze the genes producing differentially expressed circRNA. It was demonstrated that the genes producing downregulated circRNA were involved in the NF-κB and Wnt signaling pathway in the CRC tissues from patients with lung metastasis compared with the CRC tissues without metastasis. Previous study indicated that Akt/protein kinase B (PKB) was a major antiapoptotic pathway that was frequently hyperactivated in the majority of cancer types (42) , and the antiapoptotic NF-κB signaling pathway was one of the downstream targets of activated Akt/PBK and controlled the expression of genes and cellular processes involved in cell proliferation, oncogenesis, angiogenesis, and apoptosis (43, 44) . Furthermore, a previous study also indicated a critical role for aberrant Wnt signaling in CRC that was involved in diverse cellular processes, such as cell migration (45) .
In addition, bioinformatics methods were performed in the present study to predict circRNA/microRNA interactions. The results demonstrated that hsa_circRNA_105055 (upregulated), hsa_circRNA_086376 (downregulated) and hsa_circRNA_102761 (downregulated) may bind with miR-7 regulating target genes PRKCB, EPHA3, BRCA1 and ABCC1. Additionally, hsa_circRNA_102348 and hsa_circRNA_102562 may bind with miR-410 regulating target genes PDHX, ATM and ABCC1. Previous study indicated that miR-7 could inhibit CRC cell proliferation and induce apoptosis by targeting XRCC2 (46) . PRKCB and EPHA3 were differentially expressed in CRC tissues (47) (48) (49) . It has also been reported that BRCA1 and ERCC1 mRNA were associated with lymph node metastasis in Chinese patients with CRC (50). BRCA1 gene overexpression was correlated with radiation response in CRC (51) , and BRCA1 mutation may be associated with early onset of CRC (52) . Study has also indicated that the expression of ABCC1 was altered in association with colon carcinogenesis (53) . For miR-410, previous study revealed that miR-410 could regulate apoptosis by targeting Bak1 in human CRC cells (54) . PDHX may be targeted by miR-26a to regulate glucose metabolism of CRC, which inhibited the conversion of pyruvate to acetyl coenzyme A in the citric acid cycle (55) . ATM may be negatively regulated by miR-203 to induce oxaliplatin resistance in CRC (56) . To the best our knowledge, the present study is the first to report that hsa_circRNA_105055, hsa_circRNA_086376 and hsa_circRNA_102761 may bind with miR-7 regulating target genes PRKCB, EPHA3, BRCA1 and ABCC1, and hsa_circRNA_102348 and hsa_ circRNA_102562 may bind with miR-410 regulating target genes PDHX, ATM and ABCC1. However, these binding interactions need to be verified through functional analysis in future study.
In conclusion, the present study demonstrated that 431 circRNA were differentially expressed in CRC tissues from patients with pulmonary metastasis compared with tissues without metastasis. By utilizing GO, KEGG pathway and circRNA/miRNA interaction analyses, the present study revealed that hsa_circRNA_105055 (upregulated), hsa_circRNA_086376 (downregulated) or hsa_circRNA_102761 (downregulated) may regulate the pulmonary metastasis of CRC through binding with miR-7 to regulate PRKCB (the target gene of miR-7) that is involved in the NF-κB or Wnt signaling pathway. However, this requires further study. The present findings may provide a novel perspective on circRNA and lay a foundation for future research of potential roles of circRNA in CRC with pulmonary metastasis.
